ABSTRACT. Ultrasonic guided wave methods are being widely explored for inspection of large structural areas using a sparse array of surface-mounted transducers. However, structural health monitoring (SHM) with guided waves can be problematic because variable operational conditions can significantly affect the measured ultrasonic signals. Although homogeneous temperature variations have been well-researched and successful compensation algorithms developed, few studies have considered distributed surface wetting. This paper reports results from an experimental investigation of the effects of surface wetting on guided wave signals recorded from a spatially distributed array affixed to a stiffened aluminum plate. Droplets of water were applied to the plate in a random and increasing manner until almost forty percent of the plate was wet, and the percent surface area covered at each increment of wetting was independently measured via digital photographs of the plate surface. Ultrasonic guided wave signals resulting from a broadband chirp excitation were recorded from all transducer pairs in between increments of wetting. Root mean squared errors as compared to the dry plate are calculated from these signals at multiple frequencies to investigate the efficacy of quantifying the degree of surface wetting. This study is a first step in the process of assessing and addressing the effects of distributed surface wetting on the performance of a guided wave SHM system.
INTRODUCTION
Guided wave based ultrasonic methods are being applied for both nondestructive evaluation (NDE) and structural health monitoring (SHM) for long range defect detection and characterization in large, plate-like structures. A significant problem is monitoring of structures under realistic operating conditions, because both environmental changes (e.g., temperature or loading variations) and varying boundary conditions (e.g., surface wetting) have as much or more effect on the ultrasonic signals as actual structural changes [1] [2] [3] . Whereas the consequences of homogeneous temperature changes are wellunderstood [1, 4] , such may not be the case with regard to the effects of surface wetting, especially random and distributed wetting that may be interpreted as damage. For example, in [3] , rain and melting snow were shown to have a significant effect on guided ultrasonic waves propagating in sign support structures. This study therefore focuses on the experimental evaluation of the effects of both large and small amounts of distributed surface wetting on guided wave propagation in plate-like structures.
THEORETICAL BACKGROUND
There are three typical scenarios of surface wetting for plate-like structures: (1) an infinitely thick layer of liquid, (2) a constant thickness layer of liquid, and (3) random and distributed wetting (i.e. liquid droplets). Such types of wetting can occur on one or both sides of the plate. The first two cases are often referred to "liquid loaded", referring to a plate that is fully or partially covered with or immersed in a liquid. The third case of distributed and partial wetting is perhaps the most realistic and problematic.
The first two cases have been investigated and are generally well-understood. When a plate is liquid (e.g. water) loaded by a thick or semi-infinite layer of fluid, guided waves attenuate because of energy leakage into the water [5, 6] . This occurs because the guided waves generally have a non-zero out-of-plane component of displacement at the surface, which enables energy to leak into the water in the form of a pressure wave. Therefore, guided wave modes having large out-of-plane displacements are expected to be particularly sensitive to surface wetting. The situation is somewhat different for a thin layer of water. For this case, a modified guided wave travels in the combined plate plus water layer [7] , and this wave may be very similar to that propagating in the dry plate [8] .
In contrast, when there are random and distributed water droplets on the plate, each one acts as a wave scatterer. The nature of the scattering will depend upon not only the characteristics of the guided wave mode, but the size of the water droplet. In addition, there is expected to be multiple scattering between sites of water, which will lead to a very complex response. The goal of the work shown here is to quantify the effects of varying amounts of water droplets on a specific plate using surface-bonded piezoelectric sensors.
EXPERIMENTS
In this study, ultrasonic guided wave signals were recorded from a spatially distributed PZT array permanently affixed to a stiffened aluminum plate measuring 914.4 mm × 609.6 mm × 3.175 mm and subjected to varying surface wetting conditions. Glued-on aluminum stiffeners of 3.175 mm thick were affixed to the back surface of the plate using a semi-rigid epoxy adhesive as shown in Figure 1 to mimic a structure of realistic complexity. Specifically, a "T" shaped stiffener was attached near the centerline of the plate, and "L" shaped stiffeners were attached around the edges of the plate. Six custom-built transducers were also permanently glued to the back of the plate. They were fabricated from 7 mm diameter, 300 kHz PZT discs that were enclosed in a plastic housing, backed with epoxy, and bonded to the plate with epoxy. Guided waves were generated by exciting each transducer in turn with a 10 volt (peak-to-peak) chirp signal extending from 40 kHz to 600 kHz over a 200 μs window, and signals received by each of the other five transducers were recorded over a 2000 μs window. A total of 30 signals were recorded for each measurement. However, because of reciprocity between pairs, only 15 of these 30 signals were considered for further analysis. A total of 52 data sets of baseline signals were recorded from the dry plate over a time interval of 26 hours. Then, surface wetting was applied by introducing droplets of water to the front side of the plate (the side opposite to the transducers). Water droplets were applied in a random and increasing manner until nearly 40% of the plate was wet (data sets 53-254). Digital photographs of the plate were taken after every wetting step to independently measure the wetted area.
To more accurately calculate the wetted area, two techniques were applied. First, to sharpen the contrast between water droplets and the plate background, the water was dyed black using food coloring before being applied to the plate. Second, to ensure a more evenly lit plate background, the plate was enclosed in a custom-built light box to provide diffuse-like soft illumination and relatively even brightness to mitigate the strong light reflections and uneven brightness due to the mirror-like surface of the aluminum plate.
The wetted surface area at each increment of wetting was quantified via a digital photograph of the plate surface. More specifically, plate images were cropped from the original images along the plate boundaries, and then converted to binary images using a fixed threshold. The surface wetting coverage P sw at step n is calculated as:
where N sw is the number of black pixels in the binary image and N total is the total number of pixels.
One example image of the wetted plate is shown in Figure 2 (a) and the corresponding binary image in Figure 2 (b). Figure 3 shows the calculated wetted area expressed in terms of percent of total area as a function of data set number, which increases nearly monotonically as expected. The small decreases in wetted area, which all occurred for greater than 18% wetting, were caused by coalescence of adjacent droplets. 
ANALYSIS
For signal analysis, transducer pair 4-6 is selected as an example; the two transducers are located 308 mm apart in the same stiffener bay. Similar results are obtained from the other transducer pairs but are not shown here.
Processing of Broadband Chirp Responses
By using the broadband chirp excitation, both the center frequency and the number of cycles of the tone burst can be varied during post-processing to determine the best combination of parameters to both maximize mode purity and minimize dispersion [9] . Figure 4 illustrates the effect of varying the center frequency from 100 kHz to 500 kHz for a 5-cycle, Hanning-windowed tone burst excitation for transducer pair 4-6; all waveforms were obtained from the single chirp response. Figure 4 clearly shows that A 0 mode purity is best at 100 kHz whereas S 0 mode purity is maximized at 400 kHz; similar A 0 and S 0 amplitudes are obtained at 200 kHz. These three frequencies are considered for further investigation. 
Optimal Baseline Subtraction
In the experiments reported here, besides the controlled surface wetting, the most dominant environmental effect was the changing ambient temperature [10] . To minimize the effects of temperature, optimal baseline subtraction (OBS) was applied using the initial 52 data sets recorded from the dry plate as baselines [1, 10] . Each subsequent signal is then compared to each signal in the database, and the closest matching baseline signal is selected for baseline subtraction. If changes to the structure are small, the implication is that the selected baseline waveform was recorded at the closest temperature to that of the monitored (i.e. current) signal [1] . The specific selection method is to subtract the monitored signal y(n) and the baseline signal x(n), normalize the residual signal by the baseline signal, and compute its root mean squared error (RMSE). The normalized residual signal r s (n) is calculated as:
where N is the length of the analysis time window. The normalized root mean squared error E RMS is the criterion for baseline selection,
The baseline signal that minimizes E RMS for the specific frequency considered is selected independently for each transducer pair.
Mode Dependence
As discussed before, theory indicates that guided wave modes with large out-ofplane displacement components are expected to be most sensitive to surface wetting [6] . However, when partial and distributed wetting is present, the above statement merits experimental validation.
To investigate mode dependence, it would be preferable to excite pure A 0 and S 0 modes at the same frequency and compare their response. However, for this study, mode purity is generally not possible over a broad bandwidth due to the mode excitability of the specific PZT disc transducers. Both modes are excited and coexist in the frequency range considered. Therefore, as an alternative, we consider only 200 kHz, where the A 0 and S 0 direct arrivals have similar amplitudes, as was shown in Figure 4 . Figure 5 illustrates the 200 kHz tone burst responses from transducer pair 4-6 to varying degrees of surface wetting ranging from 0% to 40%. As shown in Figure 5 , the S 0 arrival occurs at approximately 60 µs and A 0 arrival at approximately 100 µs. One main observation is that there is hardly any signal distortion and only slight amplitude changes of the earlier S 0 direct arrivals as a function of wetting, whereas there are significant changes to both the later A 0 direct arrivals and subsequent echoes. These results confirm that the A 0 mode at 200 kHz is more sensitive to surface wetting than the S 0 mode, which is as expected since the A 0 mode has significantly larger out-of-plane motion than the S 0 mode. 
Frequency Dependence
Frequency dependence is investigated by post-processing the broadband chirp responses as shown in Figure 4 for center frequencies of 100, 200, 300 and 400 kHz. Since the 100 kHz signal exhibits quite good purity for the A 0 mode, it is expected to be sensitive to surface wetting, whereas the 400 kHz response, which is fairly pure S 0 mode, might be expected to have less sensitivity. However, higher frequencies in general would be expected to have more sensitivity to any varying conditions than lower frequencies. Since the transducers considered here generally produce mixed modes, the expectations for frequency dependence are not at all clear. Figure 6 shows the frequency dependence of E RMS for a 5-cycle, Hanning windowed tone burst excitation from transducer pair 4-6 as before. It is apparent from Figure 6 (a) that E RMS increases nearly monotonically with increased surface wetting up to about 10% for all frequencies considered, whereas it approaches saturation for greater than 10% wetting. Thus, Figure 6 (b) shows frequency dependent results for surface wetting less than 10%. There are several observations that can be made from Figure 6(b) . First of all, the least sensitivity is at 400 kHz, which is perhaps not surprising since the S 0 mode is dominant. Second, the most sensitivity to small amounts of wetting occurs at around 200 kHz, which is likely dominated by the A 0 arrivals. Lastly, at 9% surface wetting the lower frequencies (100-200 kHz) all have a similar response, which drops as the frequency increases. Clearly mode effects dominate frequency effects since, all things being equal, higher frequencies would be expected to be more sensitive than lower frequencies.
Time Window Dependence
Longer time windows correspond to more wave traverses of the plate and more potential interactions with discrete wetted areas, which may result in increased sensitivity to wetting. Based on the analysis from Figure 4 , time window dependent results are generated at two frequencies: 100 kHz (A 0 dominant) and 400 kHz (S 0 dominant). Analysis time windows are expanded from only including the direct arrivals to 1800 µs. In Figure 7 , at 100 kHz, the 170 µs time window includes just the direct A 0 mode arrival, while at 400 kHz, the 80 µs window includes just the direct S 0 mode arrival.
As shown in Figure 7 , E RMS curves associated with short time windows show nonmonotonic but generally increasing behaviors up to 10% wetting coverage. As the time window size increases, the E RMS curves become relatively smooth. The increased smoothness with time window is likely, because the short time behavior is more influenced by random scattering effects, whereas the longer time behavior is integrated over longer paths. For the A 0 dominant signals in Figure 7 (a), E RMS shows fluctuations when the time window is smaller than 1000 µs, whereas smoother and similar behaviors are observed for the longer time windows. For the S 0 dominant signals in Figure 7 (b), E RMS shows similar behavior but with less sensitivity to increasing surface wetting. More specifically, the increase in error as the wetting coverage grows up to around 10% is not as pronounced as for the A 0 dominant results of Figure 7 (a), which is in agreement with expectations. A final observation, and perhaps the most significant one, is that even small amounts of surface wetting have a significant effect on both the A 0 dominant signals at 100 kHz and the S 0 dominant signals at 400 kHz. The smallest amount of wetting considered here, which was 0.1%, caused the error to jump from an average level of approximately -40 dB to about -25 dB, indicating that such wetting could readily be mistaken for damage. 
CONCLUSIONS
Effects of surface wetting on ultrasonic guided wave propagation have been experimentally investigated here. It has been shown that, for all excitation frequencies considered, ultrasonic guided wave signals change significantly in the presence of even a small amount of surface wetting. It is also evident that the effects of surface wetting strongly depend upon guided wave mode and frequency, but mode purity is generally not possible over a broad bandwidth for the PZT disc transducers considered here. This study strongly suggests that guided wave SHM systems cannot perform properly in the presence of even small amounts of surface wetting, but that it may be possible to quantify the amount of surface wetting from the frequency-dependent ultrasonic guided wave signals.
